Spirotoamide A (1) and B (2) (Figure 1a ), two spiroketal-containing polyketides, were recently isolated from a microbial metabolite fraction library of Streptomyces griseochromogenes JC82-1223 by searching for structurally unique compounds based on a spectral database. 1 The carbon skeleton of spirotoamides was predicted to be assembled by a type I polyketide synthase (PKS) that utilizes acetylCoA as a starter unit and catalyzes decarboxylative condensation with four malonyl-CoAs, four methylmalonyl-CoAs and one ethylmalonylCoA as extender units. The spiroketal moiety of spirotoamides was speculated to be formed non-enzymatically, as no homologue was detected in the genome of S. griseochromogenes upon Southern analysis using revJ, which encodes a spiroketal synthase characterized from the reveromycin A biosynthetic machinery, 1,2 as a probe. Transfer of an amino group to the C-1 carboxyl group and the hydroxylation at C-6 or C-8 of spirotoamides were predicted to be catalyzed by a carboxamide synthase and P450 hydroxylases, respectively (Figure 2 , path b). 1 Intriguingly, under the same fermentation condition, S. griseochromogenes produced tautomycetin (TTN) as the major metabolite, a polyketide, featuring a unique 2,3-dialkylmaleic anhydride (DA) moiety (Figure 1a) , that was originally isolated in 1989. 3,4 TTN is best known for its potent serine/threonine protein phosphatase inhibitory activity. [5] [6] [7] The ttn biosynthetic gene cluster has been cloned and sequenced from two producers. 8, 9 On the basis of 13 C-labeled precursor feeding experiments and functional characterization of the ttn gene cluster from S. griseochromogenes, it has been established previously that (i) biosynthesis of the DA moiety from one molecule each of α-ketoglutarate and propionate, and its subsequent coupling with the polyketide scaffold of TTN are catalyzed by eight proteins of TtnKLMNOPRS, (ii) assembly of the polyketide scaffold of TTN from five molecules of malonyl-CoA, four molecules of methylmalonyl-CoA and one molecule of ethylmalonyl-CoA is catalyzed by the type I PKS proteins of TtnAB, affording TTN F-1 as the nascent intermediate, and (iii) TtnF, TtnD and TtnI catalyze the C-1''/C-2'' dehydration, C-3'' decarboxylation and C-5 oxidation, respectively, tailoring TTN F-1 en route to TTN (Figure 2 , path a). [9] [10] [11] [12] Co-production of spirotoamides and TTN, which share essentially identical nascent polyketide intermediates for their biosynthesis (Figure 2) , raises an interesting question if they are biosynthesized by the same type I PKS. That S. griseochromogenes produces TTN as major product (~10 mg l − 1 ) and 1 at a very low titer (~0.3 mg l À1 ) (Figure 3 , panel I) begs the question if TTN and spirotoamide biosynthesis compete for the same pool of precursors or the nascent polyketide intermediate (Figure 2 ). Since we have generated several TTN-nonproducing mutants in S. griseochromogenes in our previous efforts to study TTN biosynthesis, 9, 11, 12 we reasoned that these mutants could be ideal models to study the biosynthetic relationship between TTN and spirotoamides.
We first fermented selected TTN-nonproducing mutant strains SB13003 (ΔttnA), SB13005 (ΔttnP), SB13006 (ΔttnR) and SB13007 (ΔttnS), under the standard TTN production condition, 9, 11, 12 with the S. griseochromogenes wild-type strain as a control. While TTN production was completely abolished in all these mutant strains, HPLC analysis of the metabolite profiles showed that all the mutants still produced 1 (Figure 3 , panels I vs II-V), establishing that spirotoamides and TTN must be synthesized by two distinct PKSs, presumably with similar modular architectures, competing for the same pool of polyketide substrates (Figure 2 ). This would be consistent with the fact that the titers (~5 mg l − 1 ) of 1 were significantly increased in all TTN-nonproducing mutants, which were about 16-fold higher than that (~0.3 mg l − 1 ) of the wild-type strain. The increased titers of 1 in these mutants also allowed the detection of two additional metabolites (3 and 4) with similar retention times and UV spectra to that of 1. To further corroborate these findings, three additional mutant strains SB13014 (ΔttnF), SB13013 (ΔttnD) and SB13017 (ΔttnI) were fermented, in which TTN production was abolished but biosynthesis of the TTN polyketide backbone remained intact. 9, 11, 12 HPLC analysis of the metabolite profiles of these mutants confirmed the accumulation of TTN biosynthetic intermediates TTN F-1, TTN D-1, -2, -3, -4 and TTN I-1, respectively, in titers (5-10 mg l − 1 ) that were comparable to TTN in the wild-type strain, with no apparent change on spirotoamide production ( Figure 3 , panels VI-VIII).
Prompted by the finding that TTN and spirotoamide are biosynthesized by two distinct type I PKSs, yet are always co-produced under the fermentation conditions examined, we next asked if the two biosynthetic machineries are co-regulated. We have previously identified ttnQ from the ttn biosynthetic gene cluster, encoding a member of the LuxR family of transcription factors, and established it as a positive regulator for TTN biosynthesis by gene inactivation (that is, SB13002 (ΔttnQ)) and complementation (that is, SB13008 (ΔttnQ+ttnQ)) experiments. 9,13 SB13002 and SB13008 were re-fermented under the standard TTN production condition, 9, 11, 12 with the S. griseochromogenes wild-type strain as a control. HPLC analysis of metabolite profiles confirmed that production of both TTN and spirotoamides was completely abolished in SB13002 and restored in SB13008 (Figure 3 , panels IX and X). Taken together, these findings support the proposal that TtnQ regulates the biosynthesis of both TTN and spirotoamides in S. griseochromogenes. Cross-talk among pathwayspecific regulators for secondary metabolite biosynthesis in actinomycetes is known but rare 14, 15 and could potentially be exploited to activate cryptic gene clusters for the discovery of new natural products. [16] [17] [18] We finally scaled up the fermentation of S. griseochromogenes SB13007 (5-L) and isolated the two new spirotoamides (3, 5.4 mg and 4, 2.3 mg), together with the known spirotoamide (1, 13.7 mg). The 1 H and 13 C NMR spectra of 1, 3 and 4 were obtained in CD 3 OD (Table 1 and Supplementary Figures S1-S17) , and their structures were elucidated on the basis of 1D and 2D NMR. Compound 1 was confirmed to be spirotoamide A by analysis of HRESIMS data and 1 H and 13 C NMR spectra (Supplementary Figures S1-S3) , as well as comparison to the spectroscopic data reported previously. 1 The molecular formula of 3 was deduced as Figure S4) . The overall structure of 3 was very similar to 1, as it yielded a 1 H NMR spectrum that was almost identical to that of 1, with the exception of the absence of the singlet 8-CH 3 signal. Instead, an extra 8-CH 2 OH group was observed in 3 at δ H 3.55 (1H, dd, J = 11.0, 3.4 Hz), δ H 3.40 (1H, dd, J = 11.0, 5.4 Hz) and δ C 65.2, indicating that the 8-CH 3 group in 1 might have been replaced by an 8-CH 2 OH group in 3 (Supplementary Figures S5-6 ). This was unambiguously confirmed by HMBC correlations from the 8-CH 2 OH at δ H 3.55/3.40 to C-7 at δ C 32.9 and C-9 at δ C 35.3, respectively (Figure 1b and Supplementary Figure S8) . The relative configurations of the ring system of 3 were determined to be the same as those of 1 by ROESY experiments and the spin-spin splitting pattern of the protons on the spiroketal moiety. Thus, H-12a at δ H 1.37, H-13 at δ H 4.27, and H-17 at δ H 3.52 were all established as being in an axial position due to the observation of a large J 3 -value (12.4 Hz). In the ROESY spectrum (Supplementary Figure S10 ), correlations were observed between H-13 and H-11 at δ H 3.30, H-17 and H-19 at δ H 3.28, 14-CH 3 at δ H 0.88 and H-12a, and 14-CH 3 and H-16e at δ H 2.09 (Figure 1b) . These spectral data supported that both tetrahydropyran rings adopted a chair conformation and the spiroketal moiety of 3 shared the same relative configurations as those of 1. The conjugated double bonds at δ 2 and δ 4 were both assigned as E-configurations by the ROESY correlations between H-3 at δ H 7.10 and H-5 at δ H 5.84, H-2 at δ H 6.01 and H-2′ at δ H 1.05, and H-2 and H-1′ at δ H 2.33, which were also consistent with the large J H-2,H-3 value (15.9 Hz) and the relatively high-field chemical shift of C-1′ at δ C 20.8 (Table 1 and Supplementary Figure S10) . These results led to the final structural assignment of 3 as shown in Figure 1a .
Compound 4 was assigned the same molecular formula of C 26 H 45 NO 6 Figure S11) . It was apparent on the basis of the 1D and 2D NMR spectra, including 1 H-1 H COSY, HMBC and HSQC, that 4 had a nearly identical structure as 3 (Supplementary Figures  S12-17) . While the rest of the NMR data of 4 were almost identical to those of 3, the resonance signals at positions C-8 to C-12, including the 10-CH 3 , showed significant differences between the two compounds. In the ROESY experiment (Supplementary Figure S17) , the correlations between H-10 at δ H 1.56 and H-13 at δ H 4.30, 14-CH 3 at Figure 2 Biosynthetic parallels between TTN (path a) and spirotoamide (1-4) (path b) biosynthesis in S. griseochromogenes. The proposed pathway for TTN is based on extensive in vivo and in vitro experiments. 9, 11, 12 The proposed spirotoamide biosynthetic pathway is purely speculative, although a post-PKS, non-stereospecific oxidation step for the introduction of the -OH group at C-11 as depicted would account for the formation of all the spirotoamides isolated.
Spirotoamide and tautomycetin biosynthesis D Yang et al δ H 0.89 and H-12a at δ H 1.29, 14-CH 3 and H-16e at δ H 2.08, and H-17 at δ H 3.50 and H-19 at δ H 3.35 indicated that 4 possessed a different relative configuration at C-11 than 1 and 3 (Figure 1b) . Therefore, 4 was assigned to be the 11-epimer of 3 as shown in Figure 1a . Spirotoamides A (1) and B (2) were reported to have no cytotoxic, antibacterial or antifungal activities. 1 We subjected the two new spirotoamides 3 and 4, together with 1, to antibacterial assays against the selected Gram-positive strains Staphylococcus aureus ATCC 25923, Bacillus subtilis ATCC 23857 and Mycobacterium smegmatis ATCC607 and the Gram-negative Escherichia coli ATCC 25922, with tetracycline as the positive control. The assays were carried out by following previously reported methods and performed in the 96-well plates in duplicate with Müller-Hinton broth. 19, 20 None of the compounds showed any activity at concentrations up to 100 μM.
In summary, we report here that (i) spirotoamides and TTN are biosynthesized in S. griseochromogenes by two distinct type I PKSs, competing for the same pool of acyl-CoA precursors, with TTN as the dominant metabolite under the fermentation conditions examined, (ii) the biosynthesis of spirotoamides and TTN are co-regulated by TtnQ, a transcriptional activator previously characterized from the ttn cluster, and cross-talk among pathway-specific regulators for secondary metabolite biosynthesis could potentially be exploited to activate cryptic gene clusters for the discovery of new natural products, and (iii) spirotoamide production can be significantly increased upon inactivation of the TTN biosynthetic machinery, leading to the isolation and structural elucidation of two new analogues, named spirotoamide C (3) and D (4), together with the known spirotoamide A, none of which, however, showed any antibacterial activity against the selected Gram-positive and Gram-negative bacteria. a1 H and 13 C assignments were based on COSY, HSQC and HMBC spectra, as well as in comparison with the assignments for spirotoamide A (1) and B (2) reported previously. 1 b H-12a and H-12e or H-16a and H-16e referred to the axial or equatorial Hs at C-12 or C-16, respectively.
